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The Additivity of Contrast in the Human Eye 
MATHEW ALPERN and HERBERT DAVID 
ABSTRACT  Using the method of binocular brightness matching, simultaneous 
brightness contrast effects were measured on two observers.  The effects of a 
given pattern were invariably smaller than the summation of the effects of the 
pattern's  components.  This  failure of additivity was  valid  both  for patterns 
with isolated components as well as for those with components exactly contigu- 
ous with one another. This failure was more pronounced the farther the induc- 
ing patterns were from the test patch. These findings are interpreted as indicat- 
ing that in the human (just  as in the Limulus)  eye, the amount of inhibition 
exerted by a  given region on its neighbors depends upon the inhibition exerted 
against it as well as its excitation state. 
INTRODUCTION 
A  bright  object appears  dimmer when it is  seen against a  bright surround 
than  when the  surround  is  dark.  This  is  the  phenomenon of simultaneous 
brightness contrast and as such was quite familiar to the classical physiolo- 
gists.  However, considerable impetus has been given to quantitative experi- 
mental attacks on this problem by the introduction of methods of binocular 
photometry (Wright (1934), Schouten and Ornstein (1939)). Fry and Alpern 
(1953),  Diamond  (1953,  1955),  Leibowitz,  Mote,  and  Thurlow  (1953), 
and Heinemann (1955)  have all studied various aspects of the phenomenon 
in this way. 
Fry  (1948)  proposed  that  simultaneous  brightness  contrast was  a  conse- 
quence of an inhibitory interaction effect between adjacent elements in the 
visual  pathways.  He  proposed,  further,  that  the  inhibition  which  a  given 
retinal  element exerts upon its  neighbors cannot  itself be  decreased by the ac- 
tivity in  the neighborhood.  From this  theory it follows  that  the inhibitory 
effect of a  given  contrast-inducing pattern  should  be  precisely predictable 
from summation of the effects of the pattern  components  (Fry and Alpern 
(1954)). 
A  good  deal  of purely  physiological  evidence  on  the  inhibitory  conse- 
quences of photic stimulation has been obtained in recent years on vertebrate 
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eyes (Kuffler (1953), Barlow ( 1953); Barlow, Fitzhugh, and Kuffier (1957)) and 
on an invertebrate eye (Hartline, Wagner, and Ratliff (1956), Hartline and Rat- 
lift ( 1955,  1957,  1958), Ratliff, Miller, and Hartline (1958)). In this latter case, 
in which elimination of scatter effects is comparatively easy and quantification 
more extensive, it has been shown that the inhibitory effects of a given inducing 
pattern  may  be  considerably  less  than  the  summation  of  the  inhibitory 
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FIGUI~ 1.  Drawing of the apparatus from above. The sectored discs I and II were used 
only for short exposure work and were removed during the present experiments. 
effects of the parts of the pattern.  It is now clear  that  this is due to the fact 
that,  in  this  eye  (the  lateral  eye  of the  Limulus polyphemus), the  inhibitory 
effects  that  a  given  element  exerts  upon  its  neighbors  depends  not  only 
upon how much light stimulates  the element but upon how much inhibition 
is being exerted on the element by its own neighbors as well. 
In  the  present  paper  the  addifivity  of  simultaneous  brightness  contrast 
in  the human  eye has been examined  in order to decide which of these two 
alternative  principles  is more applicable. 
Method 
The apparatus  used in these experiments  (Fig.  1) has been described in some detail 
in a  previous publication  (Fry and  Alpern  (1953)).  Images of the aperture stops W ALPERN AND DAVID  The Additivity of Contrast in the Human Eye  III 
and  V were focused in the plane of the entrance pupil of the right eye and the image 
of the aperture stop M  was formed in the plane of the entrance pupil of the left eye. 
These  images were  smaller  than  the  smallest  possible  entrance  pupil  sizes.  In  this 
way,  the  contaminating  influences  of fluctuations  of pupil  diameter  were  avoided. 
Suitable  diaphragms  E  and  U  allowed  the  various stimulus  patterns  such  as  those 
illustrated in Fig. 2, to be presented to the observer. The test object (b, Fig. 2 A) was 
a rectangle 150 by 30 min. seen by the right eye. It had variable luminance controlled 
by neutral  density Wratten  filters and  a  pair of crossed  polaroid filters at K  and  L 
of Fig.  1.  The comparison standard  a  (a similar rectangle 150  by 30  rain.)  was seen 
by the left eye. It had variable luminance which could be controlled by filters at O. 
The task of the observer was to vary the luminance of the test pattern by rotation of 
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Fmu~ 2.  Isolated inducing components. The fixation point was seen binocularly fused. 
a  (the comparison standard) was seen by the left eye while b (the test patch)  and c-c  ~ 
(the contrast-inducing pattern) were seen by the right eye. Three different configurations 
of the inducing pattern were employed: A, the  pattern having  the  configuration  X0z; 
B, the pattern having the configuration Xe2; and C, the pattern made up of both these 
configurations present at the same time; i.e., Xoz q- Xe2. 0 represents the angular sepa- 
ration of the center of the test pattern from the center of the contrast-inducing pattern. 
one of the polaroid filters in conjunction with the neutral density filters until  he es- 
tablished a  brightness match between the lower and upper rectangles.  Simultaneous 
brightness induction was established by diaphragms at U which varied the character 
of c and c' seen also by the right eye. The magnitude of the  inhibitory effect E  was 
determined by 
E  =  Bb-- Ba,  (1) 
in which Bb represents the luminance of b required to make a brightness match with a 
when the inducing patches c and c  ~  were present and Ba is the luminance of b required 
to match a when they were not. 
Measurements  were  made  on  two  young  adult  males each  of whom  was  given 
extensive training  in the  methods  of binocular  photometry  prior to the  beginning 
of the experiment. 
The procedure consisted  in  the  determination  of the  effects of various configura- 
tions  of inducing  patterns  such  as  those  illustrated  in  Fig.  2.  The  luminance  of a II2  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  I959 
was always constant. In any given experimental session the effect of variation in the 
luminance of c(Bc) was determined over a wide range  (0.805 to 8.05  X  104 ft.-L.) 
in  one-half logarithmic steps  for  a  single  configuration of the  inducing  pattern. 
The  observer dark-adapted for  10  minutes and then adjusted the luminance of b 
until he had established a brightness match with a when no inducing patterns were 
present. This was repeated five times) Following this,  a  given inducing pattern at 
its lowest luminance level, was presented to the observer.  He adapted to this intensity 
and then made five settings of the luminance of the test pattern required under these 
conditions to match a. The process was then repeated at each successively higher lumi- 
nance of the inducing pattern. The effects of another pattern (which were to be com- 
pared to the first) were determined in a second experimental session and those of a 
third in still another session, etc. The entire process was then repeated, in some cases 
as many as fifteen times and in no case less than five times, for each of the observers 
studied.  Each experimental session lasted approximately 2 hours and suitable rest 
periods were interspersed within sessions to permit comfortable observations. 
RESULTS 
Isolated Inducing Components 
Fig.  2  C  illustrates  one  of the  experimental arrangements of the  contrast- 
inducing pattern.  The results of an experiment in which the effects of this 
pattern were obtained are illustrated in Fig.  3  as the open circles. The data 
obtained  with  the  components  are  also  presented  in  this  figure:  the  (x's) 
for the arrangement illustrated in Fig. 2 A  (01  --  30 rain.) and the filled circles 
for the arrangement illustrated in Fig. 2 B  (02  -  75 rain.). To avoid confusion 
the open circles are shifted up one logarithmic unit. The ordinate values in 
this figure are the logarithms of the values of Bb required to make a  bright- 
hess  match with a,  for various values  of Be.  These data  are  typical results 
for experiments of this kind. At the lowest luminance of the inducing pattern 
there was  only a  very slight effect so  that  the value  of Bb  was  almost the 
same as that measured when no inducing pattern was present. As the lumi- 
nance of the latter was increased the value of Bb increased, first rather slowly 
but  at  higher  intensities  of the  inducing  pattern  quite  markedly.  At  the 
highest level the value of Bb had  to  be increased as  much as  150  times its 
control value. 
In order to examine the additivity of the components of a  given inducing 
pattern it is  convenient to determine the extent to which the luminance of 
b  had  to  be  increased with  a  given inducing pattern  over  its  value in  the 
a The mean of these measurements was equated  to  the luminance of the comparison standard  (a) 
as  determined  by  direct  photometry  with  the  Macbeth  illuminometer  (6.57  ft-L),  This  obviated 
contaminations arising from day to day fluctuations in  brightness perception in the two eyes. ALPERN AND DAVID  The Additivity of Contrast in the Human Eye  II 3 
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FIoum~  3.  Results  obtained  on  D.B.  for  an 
experiment like  the  one  illustrated  in  Fig.  2. 
The ordinates are values of the luminance of b 
required  to  match a  in  brightness for various 
luminance  levels  of  the  inducing  pattern. 
In this experiment 01 =  30 min. (x's)  and 0~ = 
75 rain.  (filled circles).  The open circles  repre- 
sent  the  results  obtained  when  both  patterns 
were  present  simultaneously.  These  latter 
data have been shifted  up  1 log unit  in order 
to avoid confusion.  The curves drawn through 
the  x's  have  the  form of  (3),  those  through 
the  filled  circles  have the  form of (3 a).  Two 
curves  drawn  through  the  open  circles  have 
the form of (4),  dashed line,  and of (6),  solid 
line. The values for the constants are:fl  =  1.2; 
f2 ---- 0.71;  f3 =  0.375;  m =  0.59;  m  t  =  0.48; 
and g  =  0.50. 
absence  of  the  pattern.  The  results  ~ of  the  experiments  when  analyzed  in 
this  way  are illustrated  in  Fig.  4.  In  this  figure  the  symbol E(X)  represents 
the value of (Bb  --  Ba)  obtained  for a  given configuration X  of the inducing 
pattern.  The  plotted  points  are the  means of the  determinations  on  two ob- 
servers and two different arrangements (01  =  30 rain.;  02  =  75 rain.; and 01  = 
45 rain.;  02 =  105 min.). In Fig. 4  the effects of an entire pattern (open symbols) 
are compared with the summation of the  effects of the pattern's components 
(filled  symbols).  In each case the magnitude  of the summation  of the effects 
of  the  individual  components  differed  by  only  a  very  small  amount  from 
the combined effects of all of them together. The magnitude of the discrepancy 
was  never very large  and  it  seems likely that  the formulation  of Fry  (1948) 
may  be  adequate  enough  for  most  engineering  purposes  (Fry  and  Alpern 
(1954)).  Even  so,  the  effects of a  given inducing  pattern  were  not  perfectly 
additive.  In all but three of the 44 different test arrangements  the combined 
effects  of all  four  inducing  patterns  together  were  less  than  the  sum  of the 
effects  of the  individual  components  taken  separately.  This  result  was  sta- 
tistically  significant--far  beyond  the  limits  (0.00003)  set  by  tables  (simple 
sign test). 
This failure of additivity was most marked  at  the  lower  intensities  of the 
Tabular results  of all  these  experiments  for  each observer  in  each experimental  arrangement 
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the Document number and b~, remitting $1.25 for photoprints,  or $1.25 for 35 ram. microfilm. Ad- 
vance payment is  required.  Make checks or money orders  payable to:  Chief, Photoduplication 
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inducing  patterns.  Increasing  the  intensity  level  was  associated  with  a  de- 
crease in  the  amount  (in  terms  of the  per  cent error)  that  one would over- 
estimate the effects of the whole pattern by summating the effects of its parts. 
Effect of Increasing the Area of the Inducing Pattern 
The  experiments  described  above  demonstrated  that  when  the  inducing 
pattern  was  made  up  of  discrete  elements,  the  effect  of  the  pattern  was 
smaller  than  the  summation  of  the  effects  of its  parts.  Diamond  (1955) 
MEAN  DATA TWO  OBSERVERS 
o 
~  1~0  x~  5045  10575  E(X°/Xe2)AO  E(Xe/)  I  E(Xe')A. 
I  I  I  I  I  I 
0  I  2  3  4  5 
LOG  INDUCING  FIELD  LUMINANCE 
(FOOT  LAMBERTS) 
FIOURE 4.  Mean data for the two observers for the experiment  illustrated  in Fig.  2. 
The ordinates  are values that the luminance  of the test patch had to be increased over 
its control value in the presence of the inducing pattern  (logarithmic  scale). The filled 
symbols represent values obtained by summation of the effects of the pattern components 
while the unfilled symbols are values obtained for the effect of the pattern as a whole. 
The data indicated  by the circles are the means of fifteen repetitions  on each observer; 
those indicated  by triangles are the means of fifteen repetitions  on H. D. and five repe- 
titions on D. B. ALPERN AND DAVID  The Additivity of Contrast in the Human Eye  II5 
developed a  theory of the  effect of inducing area  according to  which the 
area of a  given pattern was divided into small area increments. The effect 
of the entire area was determined by summation of the effects of these compo- 
nents. Diamond did  not  check the  validity of this  part  of his  theory and 
such an  approach seems contraindicated by the results of the  experiments 
just described. The possibility exists,  however, that different principles might 
operate  when  the  components  of  the  inducing  pattern  are  separated  by 
definitive borders than when they are not. 
To  examine this  possibility,  experiments were carried out  in  which the 
test  patch  was flanked on  either side  by a  single contrast-inducing patch 
whose area was varied.  The height of these rectangular patterns remained 
constant and was the same size as that of the patterns illustrated in Fig.  2, 
( 150 min.) but the width was varied from 30 to 150 min. Each given rectangu- 
lar  area was  then divided into small composite and  contiguous rectangles, 
150 min. high and 30 min. wide. The effect  of each of these components acting 
alone  was  also  determined.  Measurements  were  made  at  each  different 
intensity level following the same procedure outlined above. Five repetitions 
of each experiment were carried out on each observer. 
The  results  of these  experiments were  quite  similar  to  those  obtained 
with  inducing  patterns  composed  of  discrete  components.  Usually  there 
was only a  slight inequality between the effect of a  given pattern and  the 
summation of the effects of its parts and this is compatible with the approxi- 
mate  agreement that  Diamond found for  his  theory.  Nevertheless perfect 
summation did not occur and the effect of a  given pattern was again found 
to be consistently smaller than the summation of the effects of its components. 
The discrepancies were most pronounced at the lower luminance levels of 
the inducing pattern. These findings were the same whether one: (a) divided 
each flanking inducing area into  a  number of rectangular components all 
of the same size (150  X  30 rain.) or (b) divided each flanking inducing area 
into  two  rectangular components, the larger consisting of the entire pattern 
except for the small component rectangle (150  X  30 rain.) farthest from the 
test  patch.  In  the  first  case  the  assumption  of no  difference between the 
effects of the pattern and the summation of the effects of its  parts was re- 
jected with  a  p  of Ho  <  0.0003.  In  the  second case  this  assumption was 
rejected with ap of Ho  ~  0.0021.  Thus it would seem that the same principles 
operate irrespective of whether or not the inducing patterns  are made up 
of components separated by definitive borders. 
In the experiments just described the inner edges of the inducing pattern 
were only separated by 15 roan. from the outer edges of the test pattern. How 
does the additivity of the effects of a  given area behave as  the separation 
(~, in minutes of arc) between the inner edges of the inducing pattern and 
the outer edges of the test patch is systematically varied? zz6  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  ~959 
In  order  to  answer  this  question  measurements like  those just  described 
were carried out with the following values of ~b: O,  15, 45,  75,  and  105 min. 
Of the possible ways that the additivity of the components of the pattern 
could be examined that one which gave the smallest statistical difference in 
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the  previous  experiment  was  employed,  since  it  was  felt  that  this  would 
apply the severest test to the failure of additivity. This was the case in which 
each  flanking-inducing  pattern  was  divided  into  two  parts:  (a)  the  larger 
inner component and (b)  the small  (150  X  30 rain.)  rectangular  component 
farthest from the test patch.  The limitations of the apparatus  were such that 
the  maximum  amount  that  the  outer  border of the  inducing  pattern  could 
be  from  the  center  of the  test  pattern  was  only  180 rain.  Consequently  in 
these experiments as the value of q~ got larger and larger the maximum width 
of the inducing pattern area became progressively smaller. 
The  results  of these  experiments  are  illustrated  in  Fig.  5.  In  this  figure, 
there  are  five columns  of graphs  each representing  the  results  obtained  for 
a  different value of ~.  The filled circles in these graphs represent the effects 
of the  entire pattern  while  the  open  circles represent  the  summation  of the 
effects of the components of the pattern. 
Only every other inducing pattern luminance is represented in this figure, 
but the illustrated data are typical in every way of all the data. The statistical 
statements  made  at  the  top  of each  column  represent  the  probability  that 
the differences found between the effects of the entire pattern  and  the sum- 
mation  of the  effects of its  parts  could  have  occurred  by  chance  assuming 
that no difference between these quantities actually existed. 
As  was  the  case in  the other experiments,  the  effects of the  pattern  were 
usually  somewhat  smaller  than  the  summation  of  the  effects  of  its  parts 
and the discrepancy was  again  smaller at the higher inducing  pattern  lumi- 
nances than at the lower ones. 
The filled symbols in  Fig.  5  show that  when  the inducing  patch  and  test 
patch  were  contiguous,  increasing  the  area  of the  inducing  pattern  usually 
increased  the  magnitude  of the  inhibitory  effect,  at  least  within  the  limits 
Fxou~ 5 opposite.  Effect of varying position of inducing area on additivity. The ordi- 
nates are values of inhibitory effect while the abscissas are the widths of the rectangular 
inducing patterns. Successive columns represent data obtained with increasingly large 
values for 4~. The extreme left hand column illustrates  data obtained when the inner 
borders of the  inducing pattern were contiguous  with the borders of the test  patch 
(~ =  0).  From the left to right succeeding columns  are for values  of 4~ =  15, 45,  75, 
and 105 rain. Values forp represent the probability that the effects of the pattern would 
be smaller than the summation of the effects of the components to the extent found as- 
suming the null hypothesis. The values for Z  (simple sign test) based on all the data are 
from left to right 0.81, 3.44, 5.57, 4.47, and 3.01 respectively.  Filled symbols show the 
effect of a given area while the unfilled symbols show the summation of the effects of 
the components.  For purposes of illustration,  only results  for every other luminance of 
the inducing pattern have been plotted. The data for the lowest luminance for ~  =  105 
rain. have also been omitted for the same reason.  The top set of curves are data obtained 
at the highest luminance (Bo =  8.05  X  104 ft-L) and each lower set represents  a  lumi- 
nance of the inducing pattern reduced by 1 log unit over the value for the data above it. 
The data are the means of five repetitions on a single observer. xz8  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  x959 
of some  optimum  area.  As  the  inducing  pattern  was  moved  farther  and 
farther from the test pattern,  however, this was less and less true. When the 
inner edges of the inducing pattern were 105 rain. from the test patch border, 
increasing the area of the inducing pattern decreased the magnitude of the 
contrast effect. This means that adding an increment of area to  this  pattern 
reduced the magnitude of its  inhibitory effect just  as  if the  test  patch  was 
released from inhibition as a consequence of the added area increments. 
There was  a  clear change in the extent to which the additivity principle 
failed  as  the inner  edges  of the inducing  pattern  were moved farther and 
farther from the test patch (i.e.  as 4, increased). When 4, was zero the summa- 
tion of the effects of the parts was, on the average, just barely larger than the 
effects of the entire pattern but this difference was not significant at all.  As 
4,  increased,  however,  summating  the  effects  of  the  pattern  components 
seemed  to  show  an  increasing  tendency to  overestimate  the  effects of the 
pattern as a whole. This was true at each of the luminance levels studied. For 
each value  of 4,  >  0,  these  overestimations were  significantly larger  than 
zero (Fig. 5). 
DISCUSSION 
In the absence of other patterns in the visual field the test patch is equated 
to the comparison standard in brightness when 
/h  =  B~.  (2) 
When a  given induction pattern with a  configuration X0t  and a  luminance 
B,t  is  presented  to  the  right  eye  (Fig.  2  A),  (2)  continues  to  describe  the 
relation of the luminance of b and a even for values of Be well above visibility 
threshold  (Diamond  (1953))  and up  to a  value just smaller than the lowest 
value of Bo used in the present experiments (0.805 ft.-L.). 
If the inducing pattern is brighter than this, then 
Bb  =  Ba +  fib  2  (3) 
is a  fairly adequate description of the luminance of b necessary to reestablish 
the brightness match with a  (Fry and Alpern (1953)).  If the pattern has the 
configuration X0,  (Fig.  2 B), 
7t~  r  Bb  =  Ba  --1- f2B e,.  (3a) 
In  these equations fl and f,  are constants which depend upon  the position 
(and in  general upon  the size and  shape)  of the inducing patterns  but  not 
upon their luminances. These equations have been used to draw the smooth 
curves through the data of Fig.  3 which represent results obtained when pat- 
terns X01 (x's) and X0,  (solid circles) were used. ALPERN AND DAVID  The Additivity of Contrast in the Human Eye  ii9 
Since  in  (3)  and  (3  a)  the  value  of Bb  must  be  increased  over  the  value 
obtained in  the absence of any inducing pattern  the terms in these equations 
containing  the  constants fa  or f~  represent  a  reduction  in  brightness  of the 
test  patch  by the  inducing  pattern.  Contrary  to  the  so  called  psychological 
theory of von Helmholtz  (1924),  it now seems quite likely that neurophysio- 
logical  lateral  inhibition  between  adjacent  regions  of the  visual  system  pro- 
vides  the  basis  for  these  effects,  as  Miiller  proposed  many  years  ago  (Fry 
(1948),  Barlow et al.  (1957)). 
It  was  pointed  out  above  that  two  different  principles  might  be  used  to 
predict  the way in  which  the  components of a  given contrast-inducing  pat- 
tern would  contribute  to the inhibitory effect of the entire pattern: 
Hypothesis  I.  The  Additivity  Principle.  According  to  the  theory  of Fry  (1948) 
the inhibitory effects of a  given part of a  pattern would be unaffected by the 
inhibition  exerted  against  this  part  by  other  components  of the  pattern, 
so that  the  effect of the  entire  pattern  could  be precisely predicted  by the 
summation of the effects of its components) In the case of pattern  Xol -t- Xe, 
of Fig.  2.  This means that: 
?n t  Bb =  Ba +  f~Bc,  +  f2B~,.  (4) 
Hypothesis II.  The Hartline-Ratliff  Principle. Hartline  and  Ratliff found  in  the 
Limulus  eye that  the  ability of a  given element to inhibit  its neighbors de- 
pends not only upon its excitation state but also upon the inhibition exerted 
against it by neighboring elements. Assume that this same principle applies 
in the human eye. Accordingly, the inhibitory effect of a  pattern  Xel in the 
absence of other patterns in the field would be approximated by (3).  How- 
ever,  in  the  presence of Xe, the  inhibitory effect of  Xo~ would  be  approxi- 
mately: 
E(x6,)  =  J~B2  -/~'~-  ( 5 ) 
Also 
E(x~) =/~B~' -/~,.  (5a) 
In these equations f3 is a  constant which  depends  upon  the  angular  separa- 
tion  ( 0~ -- 0a ).  The  luminance  of  b which would  be predicted  to  match  a 
when the inducing  pattern has the  configuration Xol  +  Xo, would  be, 
This is true also for the more specific form of this theory  proposed by Fry and Alpern  (1954). 
They suggested that the inducing pattern influenced the test pattern by casting a veil of light over 
it and that the inhibitory  interaction  occurred  at the immediate  border of the test patch.  Thus a 
substitute  veil of light  had an effect similar  to that of an isolated contrast-inducing  pattern.  In 
this form the theory requires that the equivalent veiling luminance  of the inducing pattern be pre- 
cisely equal to the summation  of the equivalent  veiling luminances  of the pattern  components. 
Fry and Alpern  (1954), however, showed that there was a linear relation  between the effect E(X) 
of this veil of light and its luminance. The same experiment was repeated for the present observers 
with the same result. This allows (4) to provide an adequate test of this form of the theory also. I20  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  I959 
a b  ~  B a  -~ fsBcmt  -[-f2Bcm~  f  --fs(B  g  +  B°cz).  (6) 
Since the value Bb predicted by (4) will always be larger than that predicted 
by (6) the terms containing f3 represent inhibition of inhibition; this is what 
Hartline and Ratliff (1957)  call disinhibition. 
The results of the present experiments clearly show that  the effects  of a 
given  contrast-inducing  pattern  were  almost  invariably  smaller  than  the 
summation of the  effect  of the  pattern  components and  this  suggests  the 
inadequacy of Hypothesis I. 
Does  this  mean  that  inhibition  of  the  sort  described  by  the  Hartline- 
Ratliff principle is  the  basis  of simultaneous brightness  contrast?  Unfortu- 
nately it is not possible to be completely certain of this since one could imagine 
other ways  in which the present results  might be explained.  For example, 
the inhibitory effects of the components of a  given inducing pattern might 
undergo occlusion (Cooper, Denny-Brown, and Sherrington (1927))  when the 
pattern as  a  whole was used.  While this possibility is not a  very likely one 
(the effects of occlusion become more pronounced, while non-additivity of 
contrast becomes less pronounced, as intensity is increased)  it does preclude 
a  categorical  affirmative  answer  to  this  question.  Nevertheless  there  is  a 
certain  amount  of  additional  presumptive  evidence  for  using  Hypothesis 
II as a  working model for the explanation of human contrast phenomena: 
A.  EQUATIONS  DERIVED  FROM  HYPOTHESIS  II  PROVIDE  A  SATISFACTORY 
QUANTITATIVE  FIT  TO  THE  DATA  OBTAINED  WITH  A  GIVEN  COMPLEX  INDUCING 
PATTERN  An example of this is illustrated in Fig. 3 for the results obtained 
with the complex pattern )2o, +  Xo~ (open circles).  Using constants derived 
from the determination of the effects of the pattern's components the solid 
line drawn through the data has the form of (6)  (in which Be1  =  Be,  =  Be). 
For comparison the dotted line drawn through the same data has the form 
of (4).  It is  apparent  that  this latter equation consistently overpredicts the 
empirical  findings  while  the  former  is  a  reasonably  satisfactory,  if  not  a 
perfect, fit. This was an invariable finding in experiments of this kind. 
B.  INFLUENCE  OF  THE  TEST  PATCH  ON  ADDITIVITY  Even  though  the 
agreement of the theory and  data  in  Fig.  3  is  satisfactory,  this  theoretical 
treatment is only approximate. The derivation of (6)  neglects any influence 
that  the test patch itseff may have on the ability of components of the in- 
ducing  pattern  to  affect  the  test  patch.  If the  test  patch  exerts  a  certain 
amount of inhibition on the activity of these components, then they should 
become less capable of inhibiting their neighbors. These latter would thereby 
become almost as effective in inhibiting the test pattern as when they alone 
act on it. 
It is  not easy,  with  the present equipment, to  make a  parametric  study ALPEI~ AND DAVID  The Additivity of Contrast in the Human Eye  I21 
of this  effect since the test patch luminance is  the dependent variable.  But 
since there seems to  be  an  inverse  exponential relation  between inhibition 
and  separation  of the  interacting  elements  (Fry),  it  should  be  possible  to 
demonstrate one of the consequences of "back" inhibition by studying addi- 
tivity for various values of ¢  (of. Fig. 5). When ¢ is small and inducing-pattern 
luminance high, test patch luminance would also be high and the influence 
of the  test  patch  on  the inducing  pattern  should  be  especially prominent. 
Under  these  conditions  the  difference between  the  effects  of  the  pattern 
and  the summation of the effects of its  components should  be quite  small. 
As  the  test patch  gets further away its  influence gradually fades.  Now  the 
interaction  between  the  components  of the  inducing  pattern  is  no  longer 
depressed  as  much by  the  inhibition  exerted by  the  test  patch;  hence  the 
difference between the summation of the effects of the pattern  components 
and the effect of the entire pattern gets larger and larger. Thus as 4} increases, 
additivity more and more tends to overestimate the magnitude of the effect 
of the entire pattern.  The demonstration of exactly this result in the experi- 
ments illustrated in Fig.  5 constitutes evidence for using the Hartline-Ratliff 
principle to explain contrast effects in the human eye.  One cannot account 
for results of this  kind by Hypothesis  I  or by occlusion of inhibitory effects 
without ad hoc hypotheses. 
c.  AREn  ~FFECTS  When  the  inducing  pattern  is  close  to  the  test 
patch,  increasing the  area is  associated with  an  increase in  the magnitude 
of the inhibition.  The  increase,  however,  is  not  in  a  simple  proportion  to 
the  area  of the inducing pattern.  Increasing the  area  at  first is  associated 
with a  marked increase in inhibition but as the area gets larger the increase 
in the amount of the inhibition becomes smaller.  The same result has been 
obtained  electrophysiologically by Hartline  et  al.  (1956)  in  the Limulus  eye 
and the similarity of the results from similar experiments on these two differ- 
ent kinds of eyes (Fig.  6)  suggests that the same physiological processes may 
be involved in each case. This is particularly true in the case of area effects. 
As  Hartline  and  Ratliff  (1955)  have  already pointed  out,  the form of the 
curve in Fig.  6 is probably due to the fact that the ability of a  given element 
to  inhibit  its  neighbors  is  a  consequence not  only of its  state  of excitation 
but  also  of the  amount of inhibition  that  its  neighbors  direct against  it  as 
well. They state: 
"Now  we can  understand  why increasing the  area gives  effects that  are 
smaller and  smaller.  Each increment of area added doesn't provide its full 
amount  of inhibition,  because  it  is  subject  to  the  inhibition  from  all  the 
area that is already illuminated. So it doesn't contribute as much as it would 
if it acted alone. Thus one gets a  non-linear law relating area and inhibition 
in a  system in which the elementary law of spatial summation is essentially 
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D.  DISINHIBITION  A  given  inducing  pattern,  which  itself may  have  no 
direct  effect  on  the  test  pattern,  can  nevertheless  reduce  the  ability  of  an 
intermediate  neighbor  to  influence  the  test  pattern.  For  example,  in  the 
case of H.  D.  a  pattern at  0  =  105 min.  (B~  =  2.4  ft-L.)  required the lumi- 
nance of b to be increased by about  1.16 ft-L. over its control value. This was 
a  small effect which was, however, significantly greater than zero (p  =  0.031). 
A  similar pattern  at 0  ---  135  min. actually required a  slight reduction in the 
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of five. 
luminance  of the  test pattern  of 0.11  ft-L.  below  the  control  value,  but  this 
was not significantly  smaller than  zero.  When  both patterns  were presented 
together,  however,  the  measured  effect was  only 0.26  ft-L.  and  this  was not 
significantly  larger  than  zero.  This  means  that  the  addition  of the  second 
pattern--which  by  itself  did  not  affect  the  test  patch---could  nevertheless 
cause a  reduction  in  the  ability of its neighbor  to do so.  This striking result, 
perfectly  analogous  to  data  obtained  by Hartline  and  Ratliff  (1957)  in  the 
Limulus eye, is not easy to explain in any other way than  by Hypothesis II. ALPERN AND DAVID  The Additivity of Contrast in the Human Eye 
Role of Stray Light 
In the Limulus eye, the release of a  given region from the inhibition exerted 
on it by one of its neighbors--when this neighbor is itself inhibited--is much 
more obvious than in the human eye. One important reason for this differ- 
ence is the entopic scattering of light from inducing pattern over the image 
of the  test  patch.  In  the  compound  eye,  this  problem  is  not  very vexing. 
Only a  very thin chitinous cornea intervenes between the ommatidium and 
the light source. Furthermore, one can paint over the entire surface of this 
cornea with lamp black and only then expose the one or two ommatidia to be 
studied. Much of the relevant electrophysiological data were obtained in this 
way. In the human eye, of course, this is not possible and stray light becomes 
an important consideration (Le Grand  (1937),  Boynton,  Enoch,  and Busch 
(1954),  DeMott  and  Boynton  (1958  a,  1958  b)).  Fry  and  Alpern  (1953) 
showed  that  casting  a  veil  of light  (like  that  produced by entopic  scatter) 
over  the  test  pattern  produced  an  inhibition  of the  latter  similar  to  the 
effects of a  given localized inducing pattern.  Schouten and Ornstein  (1939) 
were  able  to  duplicate  the  effects  of an  inducing  pattern  even  when  the 
entire pattern configuration was confined to the blind spot.  Holladay (1926) 
and Crawford (1936) found that insofar as stray light in the eye was concerned 
the effects (on threshold) were precisely additive. 
This  means that  the effect of scatter in  the eye alone will  tend  to  make 
the effects of a given pattern exactly the same as the summation of the effects 
of its  components.  It is  for  this  reason  that  the  extent to  which  (4)  is  not 
valid is never very large.  It seems likely that this explains also the fact that 
the per cent error in the estimation of the effects of a  given pattern by sum- 
mating the effects of its components progressively decreases as Bc increases, 
since stray light becomes an  ever  more  important  factor as  the luminance 
of the inducing pattern increases. 
It is interesting to point out in view of the importance of stray light that 
the additivity prediction continued to fail (Fig.  5)  even when 4~ was as large 
as  105  min.  This is strong  evidence that  two  areas  on  the  human  retina 
separated by an angle as large as  165 rain. can interact with each other inde- 
pendent  of the  effects of scatter.  It  would  be  important  to  continue  such 
experiments for  values  of ~  sufficiently large  that  perfect  additivity would 
at  last  appear.  In  this  way it  should  be  possible  to  establish  the  limits  of 
retinal separation which would permit physiological interaction independent 
of stray  light  effects.  Until  now  it  has  not  been  possible  to  establish  this 
with certainty by other means. ~24  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  ~959 
Mach Bands 
Finally,  a  word should be said  as  to  how  the results  of these experiments 
may  be  related  to  the  theoretical description of allied  visual  phenomena, 
specifically, the bands first described by Math  (1865,  1866 a,  1866 b,  1868, 
1897,  1906).  Math  showed that  a  spatial  change in  the rate  of change in 
luminance in the visual field was associated with an abrupt band appearing 
in  the field.  For a  negative change in the rate  of change this appears  as  a 
bright band. It seems evident that lateral inhibition between adjacent regions 
of the  visual  system probably  plays  an  important  role  in  such  effects.  If 
one  applies  the  Hartline-Ratliff  principle  here  it  leads  to  the  prediction 
that  when  a  bright  band  appears  which  is  sufficiently intense,  a  second 
darker  band  should  be  seen  next  to  the  bright  band  on  the  side  towards 
the bright part of the field.  Math and subsequent investigators of the phe- 
nomenon (McCollough (1955),  Ludvigh (1953 a,  1953  b),  Hartwig  (1958)) 
have never described such second order  effects.  Yet  curiously enough there 
is some suggestive evidence that it might be possible to discover them. Re- 
cently  the  gradients  of iUuminance in  the  visual  field  have  been  studied 
by determining the differential threshold for a  small spot of fight as it was 
moved along the penumbra of the shadow of an edge  (Fiorentini, Jeanne, 
and  Toraldo di  Francia  (1955  a,  1955  b;  Fiorentini,  1958)).  At  the point 
where  the bright Math  band  appeared  a  clear increase in  the differential 
threshold was also demonstrated, and the variation of the differential thres- 
hold  along  the  penumbra  was  found  to  correspond in  a  striking  manner 
with  subjective  variation  in  brightness  for  these  same  regions.  Curiously 
enough, in some experiments a definite secondary minimum in the differential 
threshold  was  found  immediately adjacent  to  the  primary  maximum and 
on  the  side  closest to  the  bright part  of the field.  Perhaps  because  of the 
existence of some frequency-equalizing mechanisms postulated by Fry (1948) 
these second order effects were only found in some, but not all such experi- 
ments.  Nevertheless their existence at all and  the fact  that they were more 
pronounced when  the  gradient  of intensity  was  rather  abrupt  (i.e.  when 
the bright band was especially prominent) are suggestive that the Hartline- 
Ratliff principle may be operating here also. 
We would like to express our appreciation to Dr. W. M. Kincaid, Dr. R. L. deValois, 
and Professor E.  L. Walker for very stimulating suggestions and advice. ALPERN AND DAVID  The Additivity o/Contrast in the Human Eye  x~5 
REFERENCES 
1.  BARLOW,  H. B.,  1953, Summation and inhibition in the frog's retina, J. Physiol., 
119, 69. 
2.  BARLOW,  H, B., FITZnUOH, R., AND KUFF~a~R, S. W.,  1957, Change of organiza- 
tion in the receptive fields of the cat's retina during dark adaptation, J. Physiol., 
137,338. 
3.  BOYNTON, R. M.,  ENOCH, J.  M.,  AND BUSH, W.  R.,  1954, Physical measures of 
stray light  in excised eyes, o7.  Opt.  Soc. America, 44, 879. 
4.  COOPER, S., DENNY-BROWN,  D. E., AND SHERRINOTON, C.,  1927, Interaction be- 
tween ipsilateral spinal reflexes  acting on the flexor muscles of the hindqimb, 
Proc. Roy.  Soc. London, Series B,  101,  262. 
5.  CRAWFORD,  B.  H.,  1936, The integration of the glare effects from a  number of 
glare sources, Proc. Physic. Soc. London, 48,  35. 
6.  DEMoTT,  D. W.,  AND BOYNTON, R. M.,  1958 a, Retinal distribution  of entopic 
stray light, 07. Opt. Soc. America, 48, 13. 
7.  DEMOTT, D. W.,  AND BOYNTON, R. M.,  1958 b, Sources of entopic stray  light, 
J.  Opt. Soc. America, 48, 120. 
8.  DIAMOND, A. L.,  1953, Foveal simultaneous brightness contrast as a function of 
inducing-field  luminance,  J.  Exp.  Psychol., 45,  304. 
9.  DIAMOND, A.  L.,  1955, Foveal simultaneous brightness contrast as a function of 
inducing-field  area,  J.  Exp.  Psychol., 50,  144. 
10.  FIORENTINI,  A.,  1958, Effet de contraste dans la vision d'un champ avec un bord 
flou fixe ou mobile, Optica Acta, 5, 71. 
11.  FIORENTINI,  A.,  JEANNE, M.,  AND TORALDO  DI FRANCIA, G.,  1955 a,  Measure- 
ments  of differential threshold  in the  presence of a  spatial illumination  gra- 
dient,  Atti  fondazione  "Giorgio  Ronchi,"  10,  3. 
12.  FmRENTIm, A., JF.ANNE, M.,  AND TORALDO D1 FRANCIA, G.,  1955 b,  Measures 
photometriques  visuelles  sur  un  champ  ~  gradient  d'eclairement  variable, 
Optica Acta,  1,192. 
13.  FRY, G.  A.,  1948,  Mechanisms  subserving  simultaneous  brightness  contrast, 
Am. 07. Optom., 25, 162. 
14.  FRY,  G. A., AND ALP~.RN, M., 1953, The effect of peripheral glare source upon the 
apparent  brightness of an object, 07.  Opt.  Soc. America, 43,  189. 
15.  FRY, G.  A.,  AND ALPERN, M.,  1954, The effect of veiling luminance  upon the 
apparent  brightness  of an  object,  Am.  07.  Optom.,  31,  506. 
16.  HARTLXNF., H.  K.,  AND RATL~FF, F.,  1955, The  organization  of neural  activity 
in  the  eye, Proc. Symp.  Physiol. Psychol.,  U.  S.  Naval Air  Station,  Pensacola, 
Florida, March  10-11, 92. 
17.  HARTLINE,  H. K., AND RATHFF, F., 1957, Inhibitory interaction of receptor units 
in the eye of Limulus,  07.  Gen. Physiol., 40, 357. 
18.  HARTLINE, H.  K.,  AND RATLIFF, F.,  1958,  Spatial summation of inhibitory in- 
fluences in the eye of Limulus,  and  the mutual interaction  of receptor units, 
07. Gen. Physiol., 41, 1040. 
19.  HARTLINE,  H. K., WAONER, H. C., AND RATLXFF, F.,  1956, Inhibition in the eye 
of Limulus,  07.  Gen. Physiol.,  39,  651. 126  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  "  x959 
20.  HARTWIG, E.,  1958, Modelluntersuchungen  zur  quantitaven  Erfassung  von 
physiologischen Kontrastfehlern,  Optik, 15,  414. 
21.  HEINEMANN, E.,  1955, Simultaneous brightness induction as a function of induc- 
ing- and test-field  luminance, .7. Exp. Psychol., 50, 89. 
22.  YON I-~LgHOLTZ,  H. L. F:,  1924, Handbook of Physiological Optics II, translated 
from the 3rd German edition by J. P. C. Southall, Opt. Soc. America, 294-296. 
23.  HOLLADAY, L. L.,  1926, The fundamentals of glare and visibility,  J.  Opt. Soc. 
America, 12,271. 
24.  KUFFLER,  S. W.,  1953, Discharge patterns and functional organization of mam- 
malian  retina,  07.  Neurophysiol., 16,  37. 
25.  Lp. GRAND, Y., 1937, Recherches sur la diffusion de la lumi~re dans l'oeil humain, 
Rev. Opt., 16,  201, 241. 
26.  LEmOWlTZ,  H., MOTE, F. A., AND THURLOW, W., 1953, Simultaneous contrast as 
a  function of separation between test  and  inducing fields, J.  Exp.  Psychol., 
46,453. 
27.  LUDVICn, E.,  1953 a, The perception of contour.  I.  Introduction. Joint Project 
Report No.  4, U.  S. Naval School of Aviation Medicine, Pensacola, Florida. 
28.  LUDVIGH, E.,  1953 b, The perception of contour. II. Effect of rate of change of 
retinal intensity gradient, Joint Project Report No.  5, U.  S. Naval School  of 
Aviation Medicine, Pensacola,  Florida. 
29.  MACH, E.,  1865, Ueber  die  Wirkung der  r~iumlichen  Vertheilung des  Licht- 
reizes  auf die Netzhaut I, Sitzungsber. Wien. Akad.  Wissensch., 52/2,  303. 
30.  MATH, E.,  1866 a,  Ueber die Wirkung der rfiumlichen Vertheilung des  Licht- 
reizes  auf die Netzhaut II,  Sitzungsber.  Wien. Akad.  Wissensch., 54/2,  131. 
31.  MACH, E.,  1866 b,  Ueber die Wirkung der rfiumlichen Vertheilung des Licht- 
reizes  auf die Netzhaut III, Sitzungsber. Wien. Akad.  Wissensch., 54/2,  393. 
32.  MATH, E.,  1868, Ueber  die  Wirkung der  r~iumlichen  Vertheilung des  Licht- 
reizes  auf die Netzhaut IV,  Sitzungsber. Wien. Akad.  Wissensch., 57/2,  I 1. 
33.  MAC~, E.,  1897, Contribution to the analysis of sensations,  translated by C. M. 
Williams,  Chicago,  The  Open  Court  Publishing  Company,  98. 
34.  MACn, E.,  1906, Ueber der  Einfluss  rfiumlich und zeitlich varierender Licht- 
reize  auf  die  Gesichtzwahrnehmung,  Sitzungsber.  Wien. Akad.  Wissensch., 
115/2a, 633. 
35.  MCCOLLOUGH,  C., 1955, The variation in width and position of Math bands as a 
function of luminance, 07. Exp. Psychol., 49, 141. 
36. M/SLLER,  J.,  1842, Elements of Physiology,  translated from the German by W. 
Baly, London, Taylor and Walton, 2, 1187. 
37.  RATLIFF, F., MILLER, W.  H., AND  HARTLXNE, H.  R.,  1958, Neural interaction 
in the eye and the integration of receptor activity, Ann.  New  York Acad. Sci., 
74, article 2, 210. 
38.  SCHOUTEN, J.  F., AND  ORNSTEIN, L. S.,  1939, Measurements on direct and in- 
direct adaptation by means of a  binocular method, J.  Opt. Soc. Amer#a, 29, 
168. 
39.  WRXCHT, W. D.,  1934, The measurement and analysis of colour adaptation phe- 
nomena, Proc. Roy. Soc. London. Series B,  115, 49. 